Silver vanadate nanoribbons were synthesized via a hydrothermal process, which exhibited surface-enhanced Raman scattering effect. This surface-enhanced substrate was stable and reproducible for identifying human serum transferrin and human serum apotransferrin in the concentration of 1 ϫ 10 −5 M, which further exhibited significant sensitivity in monitoring the conversion of these two proteins in turn. This result showed that the silver vanadate nanoribbon might be employed as biomonitor in such systems.
Surface-enhanced Raman scattering ͑SERS͒ is a phenomenon observed for a range of different molecules, which occurs when molecules are adsorbed to the surface of certain nanomaterials.
1 Since the discovery, 2 it has a variety of applications including rapid DNA sequencing, 3 pathogen detection, 4 trace detection, 5 chemical reaction, 6 and food analysis. 7 Recently there have been enormous developments in the surface sciences and nanoprocessing techniques that have allowed the fabrication of substrates that can provide high SERS signal reproducibility over the active region. 8 For example, SERS substrates have been produced via electron beam lithography, focused ion beam patterning, thermal evaporation, and chemical colloid reactions. 9 In SERS detection of biomaterials, it is important to get a biocompatible substrate. Some works have been done, such as graphene. 10 Herein, silver vanadate ͑AgVO 3 ͒ was proposed and studied as another biocompatible material substrate. Vanadates, important biocompatible materials, have wide applications in biology 11 and could be rapidly associated with transferrin ͑Tf͒ proteins. 12 Tfs are a group of iron binding proteins that bind iron only in the presence of synergistic anions ͑biologically, carbonate͒. 12 They fold into two distinct homologous N-and C-lobes, each of which binds one Fe 3+ ion and one synergistic anion. In human serum Tf with iron loaded in both the N-and C-lobe, two tyrosine residues, one aspartic acid and one histidine residue, complex the Fe 3+ ions in the lobes, with bidentate carbonate occupying the other coordination sites. 13 Human serum apotransferrin ͑apoTf͒ is a protein in the absence of iron binding. Tf and apoTf are transformed to each other by capture and release of Fe 3+ when pH is 10 and 4, respectively. 14 There are various methods for studies of Tf and iron binding/release: Tf/apoTF ELISA kits resulted from immunochemistry are commercially available; some antigenantibody binding sensors are developed by various research groups; 15 Sandra et al. and Estela et al. 16 used UV absorbance detection and mass spectrometry; Mecklenburg et al. 17 investigated them with small-angle solution x-ray scattering; and particle beam/hollow cathode-optical emission spectroscopy was employed to study the metal binding with apoTf by Quarles et al. 18 Inspired by these valuable works, we wanted to develop a quicker and more convenient method.
Of the vanadate compounds, AgVO 3 might be a proper candidate to detect Tf and apoTf by the SERS. It is a stable phase and its ionic property is highly dependent on the composition, size, shape, crystal structure, and surface properties of the products. 19 Our results showed that AgVO 3 nanoribbons were a good SERS substrate and had an obvious distinction of sensitivity between Tf and apoTf. And they were further employed as bio-monitor in the conversion between Tf and apoTf as the pH value varied between 4 and 10 in turn.
ApoTf was purchased from Sigma. No attempt was made to further purify the apoTf. Tf was obtained from adding excessive ferrisulfate ͓Fe 2 ͑SO 4 ͒ 3 ͔ in apoTf in the presence of sodium bicarbonate. 20 Other chemicals were all analytical grade and used directly without any further purification. The solutions were prepared using de-ionized water.
In a typical procedure, 8 1 mmol AgNO 3 and 0.5 mmol NH 4 VO 3 were dissolved in two portions of 20 ml distilled water, respectively. Then the AgNO 3 solution was slowly added into the NH 4 VO 3 solution under magnetic stirring at room temperature. The resulting mixture was transferred into a Teflon-lined autoclave of 50 ml capacity and heated to 160°C for 16 h, then cooled to room temperature naturally. The product was collected, washed several times with absolute ethanol, distilled water, and dried under vacuum at 60°C for 8 h.
The morphology of the products was analyzed with a field emitting scanning electron microscopy ͑SEM, FEI Co., Raman spectra were recorded with a Labram-HR800 confocal laser micro-Raman spectrometer equipped with an argon ion laser with excitation of 514.5 nm. An air-cooled charge coupled device ͑CCD͒ was used as the detector, the accumulation time was 1 s and the incident power was 4 mW. The spot size of the laser was 1 m in diameter.
AgVO 3 nanoribbons ͑5 mg͒ were ultrasonically stirred in absolute ethanol and the suspension was directly dropped on the glass to serve as a substrate, and 25 l Tf solutions were added onto the above substrate. The prepared substrate was then dried for Raman spectra test.
A low-magnification SEM image in Fig. 1͑a͒ shows large-scale AgVO 3 nanoribbons, their length up to hundreds of micrometers. EDS reveals that only peaks of the elements Ag, V, and O are detected ͓inset of Fig. 1͑a͔͒ 21 There is hardly any Raman signal in Fig. 2͑c͒ but the Raman spectrum in Fig. 2͑a͒ gives 842 cm −1 peak attributing to the ring vibrations of Tyrosine. 22 peaks. The enhancement effect is generally explained by two enhancement mechanisms, one being an electromagnetic effect with enhancement up to 10 8 or more, and the other being a chemical enhancement mechanism ͑CM͒ that results from the charge-transfer excitation of chemisorbed molecules with enhancement to 10-100. 24 Judged from the magnitude of the enhancement, this SERS effect may be attributed to CM. CM is a short-range effect and requires the molecule to be in contact with the substrate or close to the substrate, which promotes the charge transfer.
Therefore, we suggest that AgVO 3 nanoribbons possess SERS effect in the detection of apoTf and Tf because the binding between Tfs and AgVO 3 is favoring the charge transfer between analyte molecule and substrate.
The 992 cm −1 peak can be observed in the Tf/ AgVO 3 Raman spectrum ͓Fig. 2͑b͔͒ while it is hardly observed in apoTf/ AgVO 3 Raman spectrum ͓Fig. 2͑a͔͒. It is interesting that the 842 cm −1 peak of apoTf/ AgVO 3 Raman spectrum is stronger than that of Tf/ AgVO 3 . So the peaks at 842 and 992 cm −1 may be served as characteristic ones to distinguish Tf and apoTf using AgVO 3 nanoribbon substrate, which may be employed as a monitor in the conversion between Tf and apoTf. spectra of 1 ϫ 10 −5 M Tf dropped on AgVO 3 substrate. Then nitric acid solution ͑pH= 4͒ is added on the substrate, Tf releases iron ion and changes to apoTf. The Raman spectrum of apoTf is marked as curve 2. After that sodium hydroxide solution ͑pH= 10͒ is added on the substrate, apoTf combines with iron ion and changes back to Tf, which is marked with curve 3. The spectra of Tf and apoTf transformed for four cycles in turn are marked as curves 1-8 in Fig. 3 . Figure 4͑a͒ indicates the intensity of 992 cm −1 Raman peak at different conversion times. Columns 1, 3, 5, and 7 are the intensity for Tf, while columns 2, 4, 6, and 8 for apoTf. The alternating-changed intensities show the conversion of Tf and apoTf. Figure 4͑b͒ indicates the intensity of 842 cm −1 Raman peak at the same cycle times, which also exhibits the alternating replacement of Tf and apoTf. The AgVO 3 nanoribbon substrate exhibits high reproducibility and stability for detection of apoTf and Tf, which might be found potential application in the biosensors. In Fig. 4 , the peak intensity is becoming weaker after each cycle. The main reason might be resulted from the damage of biological materials and substrate under laser irradiation in SERS detection, together with the detachment of Tf/apoTf from the substrate when exchanging the buffers in each cycle.
In summary, uniform and high-purity AgVO 3 nanoribbons were synthesized via a facile hydrothermal approach. They showed interesting SERS effect with sufficient reproducibility and stability to monitor the conversion of apoTf and Tf in turn. The low-cost and low-interference monitoring might be valuable in the classification and detection of biological materials. 
